1. Introduction {#sec1}
===============

It is well known that carbon atoms play a key role in nanoscience such as in carbon nanomaterials, fullerene, graphenes, and carbon nanotubes.^[@ref1]−[@ref3]^ As a neighbor of carbon, boron has attracted considerable interest such as in boron clusters.^[@ref4]−[@ref11]^ Interestingly, a boron atom with only three valence electrons can form delocalized multicenter bonds and localized bonds, leading to a large number of unusual chemical structures and novel properties.^[@ref4]−[@ref19]^ Early research studies indicate that planar or quasi-planar structure is the main structure of small and medium-sized boron clusters.^[@ref5]−[@ref7],[@ref9],[@ref11],[@ref20]^ In addition, a lot of research studies have focused on the structural and electronic properties of tubular boron clusters, boron sheets, and nanotubes.^[@ref8],[@ref10],[@ref14],[@ref21]−[@ref23]^ In 2014, the first B~40~^--^ cage (named "borospherene") with D~2d~ symmetry was discovered experimentally.^[@ref24]^ The discovery of the B~40~^--^ cage has stimulated attention in boron clusters and doped boron clusters.^[@ref25]−[@ref42]^

The basic structural unit of crystalline boron is a regular icosahedral structure composed of 12 boron atoms. However, the striking highly stable B~12~ cluster with a *C*~3*v*~ symmetry and its corresponding monoanionic B~12~^--^ cluster with *C~s~* symmetry possess a quasi-planar structure^[@ref7]^ with an outer B~9~ ring and an inner B~3~ ring, which can be considered to be one of the best candidate as a ligand. Explicitly, transition metal (TM)-doped B~12~ clusters have been studied systematically for the past few years. Amazingly, most TM-doped B~12~ clusters preserve the bare B~12~ structure.^[@ref43]−[@ref53]^ For example, the photoelectron spectra combining the theoretical studies of MB~12~^--^ (M = Co, Rh) and theoretical studies of MB~12~ (Ni, Mo, Ru, Sc, Ir, Nb, Ta) and MB~12~^--^ (M = Ir, Ta, Nb, Ru, Sc) complexes revealed that the transition metal atom locates above the quasi-planar all-boron B~12~ unit forming a half-sandwich structure.^[@ref43]−[@ref51]^ Furthermore, the photoelectron spectra combining the theoretical studies of AuB~12~^--^ revealed that the Au atom is bonded to a periphery atom of the quasi-planar B~12~ cluster.^[@ref52]^ Except for transition metals, other metal or nonmetal atom-doped B~12~ clusters also preserve the quasi-planar structure of the bare B~12~ cluster such as alkaline-earth metal atom-doped B~12~ clusters MgB~12~^0/--^ and F atom-doped B~12~ cluster FB~12~^--^.^[@ref35],[@ref53]^ It is worth noting that metal or transition metal atoms can change the bare B~12~ structure. Based on the theoretical calculations, Lu et al.^[@ref38],[@ref48],[@ref54]^ have suggested that MoB~12~^--^ and ZrB~12~^0/--^ clusters are of a bowl structure in that the doped atom occupies a vertex and neutral and anionic BeB~12~ clusters are of a quasi-planar structure and planar structure, respectively. Theoretical studies of AlB~12~^0/--^ revealed that they can form ribbon-like structure, which is similar to the B~13~^--^ cluster with one boron atom replaced by an Al atom.^[@ref55]^ These doped B~12~ clusters are potential building blocks for design of novel functional materials. It is interesting to research how the geometrical structures and properties change when the transition metal atom is replaced by an alkali metal atom in doped B~12~ clusters.

Alkali metal atoms in doped boron clusters can make changes in the structures or properties compared to the structures or properties of the initial species. For example, photoelectron spectra combining theoretical calculations revealed that B~20~ and B~20~^--^ are double-ring tubular and quasi-planar structures,^[@ref8],[@ref20]^ respectively. However, both LiB~20~ and LiB~20~^--^ are charge transfer complexes (Li^+^B~20~^--^ and Li^+^B~20~^2--^) and possess double-ring tubular structure.^[@ref37]^ The ground-state structure of B~24~ is a double-ring structure, and the ground-state structure for B~24~^--^ is a quasi-planar structure, whereas the geometrical structure of ground-state Li~2~B~24~ is a three-ring tubular structure.^[@ref15],[@ref56]^ Experimental research and theoretical calculations reveal that B~22~^--^ and B~36~ are of quasi-planar structure.^[@ref12],[@ref57],[@ref58]^ However, the geometrical structure of ground-state MB~22~^--^ (M = Na, K) is a tubular structure and Li~4~B~36~ possesses the borospherene structure.^[@ref34],[@ref42]^ Herein, to obtain structures or properties of alkali metal-doped boron clusters MB~12~^0/--^, the extensive structure, spectral properties, and electronic structure have been studied. The calculated results are useful to assist future experimental data of MB~12~^0/--^ (M = Li, Na, K).

2. Computational Methods {#sec2}
========================

Structure searches of anionic and neutral MB~12~^0/--^ (M = Li, Na, K) clusters were implemented by particle swarm optimization (CALYPSO) software.^[@ref59],[@ref60]^ CALYPSO is a powerful cluster structure search method, which has been successfully applied for boron and doped boron clusters. A PBE0/3-21G level was used for the preliminary structural search. In each generation, 70% of structures of each generation was produced by PSO operations, while others were randomly generated. From the nearly 1800 isomers initially obtained for each cluster. Low-lying structures were then fully optimized at the PBE0/def2-TZVP level.^[@ref61],[@ref62]^ To obtain more accurate relative energies, CCSD(T) calculations^[@ref63]^ with the optimized PBE0 geometries were performed for the collected isomers.

After the geometry optimizations, the frequencies and electronic structures were studied at the PBE0/def2-TZVP level. The photoelectron spectrum and electronic absorption spectrum were calculated by the time-dependent DFT formalism.^[@ref64]^ Adiabatic detachment energy (ADE) was simulated as the energy difference between the optimized neutral and anion structures. The vertical detachment energies (VDEs) were calculated with ΔSCF-time-dependent density functional theory.^[@ref24],[@ref64]^ Chemical bonding analyses were carried out via the adaptive natural density partitioning (AdNDP) approach.^[@ref65]^ All computations were performed with Gaussian 16 software.^[@ref66]^ All analyses as well as drawing of various kinds of isosurface maps were finished via the Multiwfn 3.7 (dev) code^[@ref67]^ and VMD.^[@ref68]^

To test the reliability of the calculations, extensive structure searches of B~12~^0/--^ clusters were implemented by the above method and the photoelectron spectrum of monoanionic global minimum B~12~^--^ was simulated with the TD-DFT/def2-TZVP level. From the calculated results, it is found that the ground-state structures of B~12~ and monoanionic B~12~^--^ clusters obtained at the PBE0/def2-TZVP level agree with the theoretical results.^[@ref7]^ In addition, the simulated photoelectron spectrum of monoanionic global minimum B~12~^--^ agrees with the experimental photoelectron spectrum obtained by Zhai et al.^[@ref7]^ Therefore, PBE0/def2-TZVP is selected in this work.

3. Results and Discussion {#sec3}
=========================

3.1. Structures and Electronic Properties {#sec3.1}
-----------------------------------------

Initial structures of MB~12~ and MB~12~^--^ systems were searched via the CALYPSO program. The low-lying isomers were further optimized at the PBE0/def2-TZVP level (see [Figures S1--S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02693/suppl_file/ao0c02693_si_001.pdf)). Computed energy values of MB~12~^0/--^ show that the half-sandwich MB~12~ has the lowest energy in the neutral structures whereas boat-shaped MB~12~^--^ is the global minimum of monoanionic structures. The lowest total energy structures of neutral MB~12~ (M = Li, Na, K) possess geometrical structure similar to that of clusters of MB~12~^--^ (M = Nb, Mg, Ta, Co, Rh, and Ir) with the half-sandwich geometry. The lowest total energy structures of monoanionic MB~12~^--^ (M = Li, Na, K) possess geometrical structure with the boat-shaped geometry possessing an outer B~8~ ring and two B~3~ rings at the bottom of the boat.

Previous theoretical studies indicate that the cage-like fullerene structure for B~40~ and the quasi-planar structure for B~40~^--^ are the global minimum; however, experimental and theoretical research studies reveal the existence of cage-like fullerene and quasi-planar configurations for B~40~^--^.^[@ref24]^ Similarly, it is possible to find half-sandwich and boat-shaped boron clusters MB~12~^--^ experimentally. After the PBE0 optimization, more accurate CCSD(T) calculations were performed for the two structures of MB~12~^0/--^. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the CCSD(T) energies reveal that the half-sandwich structure of neutral MB~12~ has lower energy than the boat-shaped structure, whereas the boat-shaped structure of monoanionic MB~12~^--^ has lower energy than the half-sandwich structure, which agree with the DFT results. Apparently, the MB~12~^--^ clusters favor slightly the boat-shaped structure, whereas the neutral MB~12~ clusters favor the half-sandwich structure.

![Structures of doped boron clusters MB~12~^0/--^ (M = Li, Na, and K). (a) LiB~12~, (b) LiB~12~^--^, (c) NaB~12~, (d) NaB~12~^--^, (e) KB~12~, and (f) KB~12~^--^. The relative energies (in eV) at PBE0/def2-TZVP and CCSD(T)/def2-TZVP//PBE0/def2-TZVP (round brackets) are presented under each structure.](ao0c02693_0002){#fig1}

To gain further understanding of the alkali metal atom-doped boron clusters MB~12~^0/--^, further frequency analyses and electronic structure analyses of boat-shaped and half-sandwich MB~12~^0/--^ were performed, and some valuable results are presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. For comparison, frequency analyses and electronic structure analyses of corresponding pure B~12~^0/--^ clusters were performed. Calculated results indicate that symmetries of MB~12~^0/--^ (M = Li, Na, K) are *C*~2*v*~ and *C~s~* for boat-shaped and half-sandwich structures, respectively. Lowest harmonic frequencies confirm the stabilities of these doped boron clusters MB~12~^0/--^ by showing no imaginary frequencies. In addition, the calculated results show that doping of alkali metal atom in boat-shaped B~12~ hardly changes the shape of B~12~. However, doping in quasi-planar *C*~3*v*~ B~12~ reduces symmetry and causes a small change in structure (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02693/suppl_file/ao0c02693_si_001.pdf)).

###### Dipole Moments (μ), Symmetries, Lowest Frequencies, Energy Gaps (*E*~g~), and NPA Charges on Doped Atoms of MB~12~^0/--^ and B~12~^0/--^; Superscripts *a* and *b* Represent the α and β Electrons

  clusters      symmetry    μ (Debye)   *E*~g~ (eV)   lowest frequency (cm^--1)^   NPA charges on doped atom
  ------------- ----------- ----------- ------------- ---------------------------- ---------------------------
  B~12~         *C*~3*v*~   1.99        3.84          194                           
  B~12~^--^     *C~s~*      1.39        1.70*^a^*     133                           
  3.89*^b^*                                                                        
  B~12~         *C*~2*v*~   1.11        2.61          138                           
  B~12~^--^     *C*~2*v*~   2.05        3.29*^a^*     173                           
  2.43*^b^*                                                                        
  LiB~12~       *C~s~*      1.21        -2.07*^a^*    123                          0.924
  --3.52*^b^*                                                                      
  LiB~12~^--^   *C~s~*      0.59        2.09          157                          0.875
  LiB~12~       *C*~2*v*~   1.43        3.52*^a^*     187                          0.931
  2.36*^b^*                                                                        
  LiB~12~^--^   *C*~2*v*~   0.56        3.41          241                          0.919
  NaB~12~       *C~s~*      3.69        1.91*^a^*     80                           0.948
  3.54*^b^*                                                                        
  NaB~12~^--^   *C~s~*      3.56        2.03          113                          0.860
  NaB~12~       *C*~2*v*~   4.00        3.53*^a^*     101                          0.961
  2.45*^b^*                                                                        
  NaB~12~^--^   *C*~2*v*~   4.00        3.23          143                          0.946
  KB~12~        *C~s~*      5.94        1.91*^a^*     82                           0.969
  3.81*^b^*                                                                        
  KB~12~^--^    *C~s~*      6.92        1.84          109                          0.905
  KB~12~        *C*~2*v*~   6.48        3.54*^a^*     74                           0.979
  2.17*^b^*                                                                        
  KB~12~^--^    *C*~2*v*~   7.46        2.89          117                          0.961

Except for the lowest unoccupied molecular orbitals (LUMOs) of *C*~2*v*~ MB~12~^--^ (M = Na, and K), the highest occupied molecular orbitals (HOMOs) and the LUMOs (see [Figures S8 and S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02693/suppl_file/ao0c02693_si_001.pdf)) of MB~12~^--^ (M = Li, Na, K) locate in the boron atoms. The HOMO--LUMO gaps (*E*~g~) of *C~s~* LiB~12~^--^, *C~s~* NaB~12~^--^, *C~s~* KB~12~^--^, *C*~2*v*~ LiB~12~^--^, *C*~2*v*~ NaB~12~^--^, and *C*~2*v*~ KB~12~^--^ are 2.09, 2.03, 1.84, 3.41, 3.23, and 2.89 eV, respectively. The *E*~g~ of each anionic C~2v~ structure is bigger than that of the *C~s~* structure, which reveals the higher stability of *C*~2*v*~ MB~12~^--^. As shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, for closed-shell MB~12~^--^, doping of alkali metal atoms in the boat-shaped structure increases the *E*~g~ by 0.4--1.0 eV; however, doping in quasi-planar structure can decrease the *E*~g~. It suggests that the addition of alkali metal atom in quasi-planar structure can enhance the chemical activity of B~12~.

Like charge-transfer complexes Ca\@B~40~,^[@ref25]^ natural population analysis (NPA) (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) reveals that there is significant charge transfer of each doped atom. For example, the NPA charges on the Li atom are 0.93 and 0.92 for *C*~2*v*~ LiB~12~ and monoanionic *C*~2*v*~ LiB~12~^--^, respectively, suggesting almost full charge transfers from Li to B atoms. There is an electrostatic interaction between anions and cations. When two ions with opposite charges approach each other, they attract each other, while there is electrostatic repulsion between electrons and electrons as well as between nuclei. When the electrostatic attraction and electrostatic repulsion reach equilibrium, ionic bonds are formed. Therefore, an ionic bond is a chemical bond formed by the electrostatic interaction between an anion and cation. NPA charges identify the MB~12~ and MB~12~^--^ clusters to be charge transfer complexes (M^+^B~12~^--^ and M^+^B~12~^2--^) and suggest primarily the nature of ionic bonding between M ^+^ and anionic B~12~ fragments. Therefore, each M^+^ has optimal electrostatic interactions with the 12 B atoms (such as the boat-shaped structure MB~12~^--^ whose M atom is just above the boat with an M--B distance of approximately 2.4--3.9 Å), resulting in the considerable stability for the MB~12~ and MB~12~^--^ clusters.

To further understand the stability of closed-shell MB~12~^--^ (M = Li, Na, K), we analyzed the chemical bonding using the AdNDP approach, which was performed with Multiwfn software. [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"} display bonding patterns of boat-shaped and half-sandwich NaB~12~^--^. For boat-shaped NaB~12~^--^, AdNDP analyses reveal that no 1c--2e bond is found on the Na atom. AdNDP analyses (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) reveal eight 2c--2e σ bonds on the peripheral B~8~ ring. The remaining 11 bonds contain 10 3c--2e bonds and 1 12c--2e bond, which are readily classified into five sets (as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}): two 3c--2e bonds distributed symmetrically around the two B~3~ triangles at the bottom, two 3c--2e bonds on the boat's bow and stern, four 3c--2e bonds distributed symmetrically around the four B~3~ triangles on the waist of the boat, two 3c--2e bonds distributed symmetrically around the two B~3~ triangles on the sides of the boat, and one 12c--2e bond. Overall, the 8 2c--2e and 10 delocalized 3c--2e bonds cover the hull of the boat, which renders stability to the NaB~12~^--^ cluster, and the delocalized 12c--2e bond further stabilizes the *C*~2*v*~ NaB~12~^--^ cluster. Similar to Ca\@B~40~,^[@ref25]^ the bonding patterns in that there is no bond on the Na atom further reveal that NaB~12~^--^ is a charge transfer complex (Na^+^B~12~^2--^). The calculated results indicate that *C*~2*v*~ MB~12~^--^ (M = Li, and K) has similar bonding patterns to those of *C*~2*v*~ NaB~12~^--^.

![Bonding patterns of *C*~2*v*~ NaB~12~^--^. The occupation numbers (ONs) are indicated, and the blue ball in the center represents the Na atom.](ao0c02693_0003){#fig2}

![Bonding patterns of *C~s~* NaB~12~^--^. ONs are indicated, and the blue ball in the center represents the Na atom.](ao0c02693_0004){#fig3}

As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the bonding pattern of *C~s~* NaB~12~^--^ can be classified into four categories. First, the peripheral B~9~ ring is characterized by nine localized B--B 2c--2e σ bonds. Then, there are six delocalized 3c--2e σ bonds on the B~3~ triangles. One of them fills the inner B~3~ triangle. The remaining five delocalized 3c--2e σ bonds are responsible for the connection between the outer B~9~ ring and inner B atoms, which enhance the stability of the B~12~ structure. Third, there is a delocalized 3c--2e π bond on the peripheral B~3~ atoms. The last category includes three delocalized 5c--2e π bonds. Overall, there are no covalent bond interactions between the B~12~ monomer and the Na atom via chemical bonding patterns of the half-sandwich NaB~12~^--^ cluster.

The electron localization function (ELF) is a function that measures the degree of electron localization in different molecular regions.^[@ref69]^ ELF analyses further confirm these comments based on the AdNDP analyses, such as the contributions from valence electrons of NaB~12~^--^, which are partitioned in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Isosurface maps of *C*~2*v*~ NaB~12~^--^ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) cover 8 peripheral B--B bonds that correspond to 8 peripheral 2c--2e bonds and 10 B~3~ triangles that correspond to 10 3c--2e bonds. Isosurface maps on the boat's bow and stern are fatter than those of the sides of the boat due to another 12c--2e bond. Isosurface maps of the *C~s~* NaB~12~^--^ are given in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. Isosurface maps of *C~s~* NaB~12~^--^ cover nine peripheral B--B bonds that correspond to nine peripheral 2c--2e bonds and six B~3~ triangles that correspond to six 3c--2e bonds. Isosurface maps of C~s~ NaB~12~^--^ on the peripheral four regions (B1--B5--B9--B11, B1--B10--B7, B11--B6--B12, and B7--B4--B12) are connected due to four delocalized π bonds. Isosurface maps of *C*~2*v*~ and *C~s~* MB~12~^--^ (M = Li and K) have similar features corresponding to *C*~2*v*~ and *C~s~* NaB~12~^--^. From the ELF analyses, no localization domains can be found between the M atom and B~12~ counterpart, suggesting a certain ionic bond character. Thus, the alkali metal atom actually transfers electrons to B~12~, and MB~12~^--^ can be seen to involve anion B~12~^2--^ and cation M^+^.

![ELF at the PBE0 level. (a) *C*~2*v*~ NaB~12~^--^, the isovalue is 0.78; (b) *C~s~* NaB~12~^--^, the isovalue is 0.77.](ao0c02693_0005){#fig4}

3.2. Photoelectron Spectrum {#sec3.2}
---------------------------

The basic principle of photoelectron spectroscopy (PES) is the photoelectric effect. Photoelectron spectroscopy can be viewed as an electronic fingerprint and can be used to compare with theoretical calculations with proper global minimum searches to understand the structure of the cluster.^[@ref24],[@ref26]^ To assist future identifications of monoanionic MB~12~^--^ (M = Li, Na, K), the ADEs and VDEs for monoanionic MB~12~^--^ (M = Li, Na, K) were calculated then we simulated the PES of monoanionic MB~12~^--^ (M = Li, Na, K).^[@ref24],[@ref64]^ The ADE of the monoanionic cluster represents the electron affinity (EA) of the corresponding neutral cluster. ADEs of *C*~2*v*~ B~12~^--^ and *C*~2*v*~ MB~12~^--^ (M = Li, Na, K) are 2.78 (B~12~^--^), 2.71 (LiB~12~^--^), 2.52 (NaB~12~^--^), and 2.31 (KB~12~^--^) eV, respectively. ADEs of *C~s~* B~12~^--^ and *C~s~* MB~12~^--^ (M = Li, Na, K) are 2.15 (B~12~^--^), 2.20 (LiB~12~^--^), 1.92 (NaB~12~^--^), and 1.61 (KB~12~^--^) eV, respectively. These research results show that doping can cause decreasing ADE except for *C~s~* LiB~12~^--^.

As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the simulated spectra indicate that *C*~2*v*~ MB~12~^--^ and *C~s~* MB~12~^--^ have different spectral characteristics. The simulated photoelectron spectra ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--c) of *C*~2*v*~ MB~12~^--^ clusters appear as similar spectra; however, all peaks move to higher binding energy sides as radius of the alkali metal atom increases. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e--g, the *C~s~* MB~12~^--^ clusters also show similar features. The first several characteristic peaks of PES can be used to distinguish the structure of isomers,^[@ref24],[@ref26]^ so it is interesting to analyze these characteristic peaks. Significantly, the photoelectron spectra of *C*~2*v*~ MB~12~^--^ (M = Li, Na, K) show that the first three characteristic peaks are located in the region of 2.0--4.2 eV with an energy gap between adjacent peaks of approximately 0.6 eV, which can be used to distinguish *C*~2*v*~ MB~12~^--^. Additionally, for *C~s~* MB~12~^--^ (M = Li, Na, K), the first distinct peak of each cluster is located in the region of 1.8--2.5 eV. In addition, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e--g, the energy gap between the first and second peaks is approximately 1.3 eV, which is bigger than that of *C*~2*v*~ MB~12~^--^. The first weak peaks of *C*~2*v*~ LiB~40~^--^, *C*~2*v*~ NaB~40~^--^, *C*~2*v*~ KB~40~^--^, *C~s~* LiB~12~^--^, *C~s~* NaB~12~^--^, and *C~s~* KB~12~^--^ correspond to the calculated ground-state VDEs at 2.88, 2.69, 2.47, 2.42, 2.14, and 1.83 eV, respectively. These ground-state VDEs of MB~12~^--^ (M = Li, Na, K) come from the detachment of the electrons of the HOMO. The second and third peaks of each *C*~2*v*~ MB~12~^--^ come from the second and third calculated VDEs at 3.50 and 4.11 eV for LiB~40~^--^, 3.29 and 3.80 eV for NaB~40~^--^, and 3.10 and 3.56 eV for KB~40~^--^, respectively. Furthermore, the second and third peaks of each *C~s~* MB~12~^--^ correspond to the second and third simulated VDEs at 3.73 and 3.89 eV for LiB~12~^--^, 3.42 and 3.59 eV for NaB~12~^--^, and 2.90 and 3.20 eV for KB~12~^--^, respectively. The second calculated VDE comes from detaching the electrons of HOMO-1, and the third calculated VDE corresponds to detaching the electrons of HOMO-2. In addition, the peaks with higher binding energy originate from detaching the electrons from lower molecular orbitals. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e--g, the first five peaks located in different binding energies can be used to distinguish the *C~s~* MB~12~^--^ clusters.

![Computed photoelectron spectra of MB~12~^--^ and B~12~^--^. (a) *C*~2*v*~ LiB~12~^--^, (b) *C*~2*v*~ NaB~12~^--^, (c) *C*~2*v*~ KB~12~^--^, (d) *C*~2*v*~ B~12~^--^, (e) *C~s~* LiB~12~^--^, (f) *C~s~* NaB~12~^--^, (g) *C~s~* KB~12~^--^, and (h) *C~s~* B~12~^--^.](ao0c02693_0006){#fig5}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--d shows that addition of the alkali metal atom in boat-shaped structure changes the first several bands of *C*~2*v*~ B~12~^--^; furthermore, doping in boat-shaped structure can decrease the first VDE compared to the bare B~12~^--^. The simulated photoelectron spectra show that addition of the Li atom in quasi-planar structure can cause a bigger ground-state VDE. However, doping of Na and K atoms in quasi-planar structure can cause a decreasing ground-state VDE. The research results in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} are useful for the verification of monoanionic MB~12~^--^ (M = Li, Na, K) by means of combined experimental and theoretical data.

3.3. Infrared Spectrum {#sec3.3}
----------------------

The infrared spectrum of a molecule reflects the vibration characteristics of the molecule. It can reflect the vibration frequencies of the whole molecular framework, and these frequencies are specific to each molecule. Vibrational modes of an infrared spectrum can be divided into bending and stretching vibrations. Molecular structure with slight differences can cause subtle changes of vibrational normal modes, and thus the infrared spectra can be used to identify the molecule. Infrared spectra of *C*~2*v*~ and *C~s~* MB~12~^0/--^ (M = Li, Na, K) are displayed in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}. The highest frequencies of each alkali metal atom-doped boron cluster are 1288 cm^--1^ for *C*~2*v*~ LiB~12~, 1292 cm^--1^ for *C*~2*v*~ LiB~12~^--^, 1276 cm^--1^ for *C*~2*v*~ NaB~12~, 1277 cm^--1^ for *C*~2*v*~ NaB~12~^--^, 1271 cm^--1^ for *C*~2*v*~ KB~12~, 1271 cm^--1^ for *C*~2*v*~ KB~12~^--^, 1357 cm^--1^ for *C~s~* LiB~12~, 1390 cm^--1^ for *C~s~* LiB~12~^--^, 1350 cm^--1^ for *C~s~* NaB~12~, 1378 cm^--1^ for *C~s~* NaB~12~^--^, 1336 cm^--1^ for *C~s~* KB~12~, and 1354 cm^--1^ for *C~s~* KB~12~^--^. These harmonic frequencies correspond to the stretching motions of the boron atom and are IR-active. The lowest vibrational frequencies of *C*~2*v*~ LiB~12~, *C*~2*v*~ LiB~12~^--^, *C*~2*v*~ NaB~12~, *C*~2*v*~ NaB~12~^--^, *C*~2*v*~ KB~12~, *C*~2*v*~ KB~12~^--^, *C~s~* LiB~12~, *C~s~* LiB~12~^--^, *C~s~* NaB~12~, *C~s~* NaB~12~^--^, *C~s~* KB~12~, and *C~s~* KB~12~^--^ are 187, 241, 101, 143, 74, 117, 123, 157, 80, 113, 82, and 109 cm^--1^, respectively. Except for the lowest harmonic frequency of *C*~2*v*~ LiB~12~^--^ originating from bending motions of boron atoms and with IR inactivity, the lowest harmonic frequencies of other MB~12~^0/--^ correspond to bending motions of the doped atom and boron atoms and are IR-active.

![Computed infrared spectra of *C*~2*v*~ MB~12~^0/--^ and *C*~2*v*~ B~12~^0/--^ by the PBE0/def2-TZVP method. (a) KB~12~^--^, (b) KB~12~, (c) NaB~12~^--^, (d) NaB~12~, (e) LiB~12~^--^, (f) LiB~12~, (g) B~12~^--^, and (h) B~12~.](ao0c02693_0007){#fig6}

![Computed infrared spectra of *C~s~* MB~12~^0/--^, *C*~3*v*~ B~12~, and *C~s~* B~12~^--^ by the PBE0/def2-TZVP method. (a) KB~12~^--^, (b) KB~12~, (c) NaB~12~^--^, (d) NaB~12~, (e) LiB~12~^--^, (f) LiB~12~, (g) *C~s~* B~12~^--^, and (h) *C*~3*v*~ B~12~.](ao0c02693_0008){#fig7}

The sharpest peaks of *C*~2*v*~ LiB~12~, *C*~2*v*~ LiB~12~^--^, *C*~2*v*~ NaB~12~, *C*~2*v*~ NaB~12~^--^, *C*~2*v*~ KB~12~, *C*~2*v*~ KB~12~^--^, *C~s~* LiB~12~, *C~s~* LiB~12~^--^, *C~s~* NaB~12~, *C~s~* NaB~12~^--^, *C~s~* KB~12~, and *C~s~* KB~12~^--^ appear at 330, 363, 751, 684, 748, 688, 395, 1056, 203, 1064, 1274, and 1056 cm^--1^, respectively. Some of the strongest active modes only come from vibrations of doped alkali metal atoms or boron atoms; however, some of the strongest active modes correspond to the vibrations of doped alkali metal atoms and boron atoms together. The calculated results indicate that *C*~2*v*~ B~12~^0/--^ and *C*~2*v*~ MB~12~^0/--^ encompass seven IR-inactive modes. In addition, *C~s~* B~12~^--^ has no IR-inactive mode and *C*~3*v*~ B~12~ encompasses three IR-inactive modes. However, *C~s~* MB~12~^0/--^ has no IR-inactive mode.

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,c shows that *C*~2*v*~ KB~12~^--^ and *C*~2*v*~ NaB~12~^--^ have similar infrared spectra. In addition, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,c,e shows that *C*~2*v*~ MB~12~^--^ has similar spectral features except for the spectral band of 0 to 500 cm^--1^. Similarly, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,d,f shows that neutral *C*~2*v*~ MB~12~ has similar spectral features except for the region of 0 to 500 cm^--1^. Note that the spectral features of neutral *C*~2*v*~ MB~12~ are quite similar to those of *C*~2*v*~ B~12~^--^ in the high frequency. Addition of an alkali metal atom only produces the difference in the low frequency (0 to 400 cm^--1^). The spectral characteristics further reveal that *C*~2*v*~ MB~12~ species are charge transfer complexes (M^+^B~12~^--^). Specifically, at 330 and 363 cm^--1^, the two peaks of *C*~2*v*~ LiB~12~ and *C*~2*v*~ LiB~12~^--^ are strongest, which are different from all other peaks of *C*~2*v*~ MB~12~^0/--^ and can be used for the identification of *C*~2*v*~ LiB~12~ and LiB~12~^--^.

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a--f shows that *C~s~* MB~12~^0/--^ has a similar conclusion as that of *C*~2*v*~ MB~12~^0/--^. However, *C~s~* MB~12~ and *C~s~* B~12~^--^ have different infrared spectra and this is because that doping in the B~12~ unit causes a small change of molecule structure. As shown in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}, doping of alkali metal atoms can produce some new strong peaks and can weaken some peaks. Combined with experimental data, these computed spectra can be used to identify the MB~12~^0/--^ (M = Li, Na, K).

3.4. Electronic Absorption Spectrum {#sec3.4}
-----------------------------------

The electronic absorption spectrum is an important feature of a molecule; it reflects electron transition between different electron energy levels. Electronic absorption spectra can be used to analyze isomers via obviously different absorption peaks. Finally, electronic absorption spectra of MB~12~^--^ (M = Li, Na, K) were simulated as displayed in [Figures [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}. Our computations show that *C*~2*v*~ MB~12~^--^ (M = Li, Na, K) have only UV--vis absorption bands. However, the simulated results show that *C~s~* MB~12~^--^ (M = Li, Na K) exhibits several near-infrared (NIR) absorption peaks between 800 and 2000 nm (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). Blue, red, and black lines in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} denote the spectra of *C*~2*v*~ LiB~12~^--^, NaB~12~^--^, and KB~12~^--^, and the maximum excited wavelengths (corresponding to the first excited states) are 580, 570, and 569 nm for LiB~12~^--^, NaB~12~^--^, and KB~12~^--^, respectively. The first excited states of *C*~2*v*~ LiB~12~^--^ and *C*~2*v*~ NaB~12~^--^ are forbidden transitions (oscillator strength is zero), whereas it is optically active (small oscillator strength) for *C*~2*v*~ KB~12~^--^. Note that the maximum excited wavelengths of *C*~2*v*~ LiB~12~^--^ and *C*~2*v*~ KB~12~^--^ originate from the HOMO → LUMO electron transitions, whereas the maximum excited wavelength of *C*~2*v*~ NaB~12~^--^ comes from the HOMO → LUMO+1 transition. The first absorption peak (450 to 550 nm) of *C*~2*v*~ LiB~12~^--^ contains the second and third excitations, which consist of the HOMO → LUMO+1/LUMO+2 transitions coupled with the HOMO-1 → LUMO+1 transition. The maximum band (450 to 550 nm) of *C*~2*v*~ NaB~12~^--^ contains the second to fourth excitations, which consist of the HOMO → LUMO/LUMO+2/LUMO+3 transitions coupled with HOMO-1 → LUMO+2/LUMO+4 transitions. The maximum band (500 to 650 nm) of *C*~2*v*~ KB~12~^--^ contains the first excitation, which consists of the HOMO → LUMO transition. Other absorption peaks of *C*~2*v*~ MB~12~^--^ (M = Li, Na, K) come from the higher excitations, which consist of the transitions of other orbits.

![Computed spectra of *C*~2*v*~ MB~12~^--^. Blue, red, and black lines denote LiB~12~^--^, NaB~12~^--^, and KB~12~^--^, respectively.](ao0c02693_0009){#fig8}

![Computed spectra of C~s~ MB~12~^--^. Blue, red, and black lines denote LiB~12~^--^, NaB~12~^--^, and KB~12~^--^, respectively.](ao0c02693_0010){#fig9}

Blue, red, and black lines in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} denote the spectra of *C~s~* LiB~12~^--^, *C~s~* NaB~12~^--^, and *C~s~* KB~12~^--^, and the maximum excited wavelengths (corresponding to the first excited states) are 1214, 1279, and 1563 nm for LiB~12~^--^, NaB~12~^--^, and KB~12~^--^, respectively. The maximum excited wavelengths of *C~s~* MB~12~^--^ (M = Li, Na, K) are optically active (with the small oscillator strength), which originate from the HOMO → LUMO electron transition. The first absorption band (1000 to 1400 nm) of *C~s~* LiB~12~^--^ or NaB~12~^--^ contains the first two excitations, which consist of the HOMO → LUMO/LUMO+1 transitions. In addition, the maximum band (1000 to 2000 nm) of *C~s~* KB~12~^--^ contains the first excitation, which consists of the HOMO → LUMO/LUMO+1/LUMO+2 transitions. Other absorption bands of *C~s~* MB~12~^--^ (M = Li, Na, K) originate from the higher excitations, which consist of the transitions of corresponding orbits.

For the closed-shell MB~12~^--^ (M = Li, Na, K), *E*~g~ reflects the probability of the transition from the ground state to the excited state. The molecule with a larger *E*~g~ can induce larger excitation energy, and it is difficult to jump to the excited state. On the contrary, a smaller *E*~g~ can induce a smaller excitation energy. The calculated values of *E*~g~ are 3.41, 3.23, 2.89, 2.09, 2.03, and 1.84 eV for *C*~2*v*~ LiB~12~^--^, *C*~2*v*~ NaB~12~^--^, *C*~2*v*~ KB~12~^--^, *C~s~* LiB~12~^--^, *C~s~* NaB~12~^--^, and *C~s~* KB~12~^--^, respectively. Doping in boat-shaped structure can decrease the probability of the transition, whereas doping in half-sandwich structure can increase transition ability. The calculated electronic spectra can help us to understand the electronic structure of MB~12~^--^ (M = Li, Na, and K).

4. Conclusions {#sec4}
==============

In summary, we have carried out a theoretical study on the structural, electronic, and spectral properties of B~12~ clusters doped with alkali metal atoms by using a combination of the CALYPSO method and density functional theory. Our research indicates that the ground-state structures of neutral MB~12~ (M = Li, Na, K) possesses half-sandwich geometrical structure and anionic MB~12~^--^ (M = Li, Na, K) possesses boat-shaped geometrical structure. NPA and chemical bonding analyses reveal that MB~12~ species are charge transfer complexes of M^+^B~12~^--^ and MB~12~^--^ species are charge transfer complexes of M^+^B~12~^2--^. The enhanced stability of MB~12~^--^ can be attributed to the charge transfer to boron atoms leading to the symmetrically distributed chemical bonds and optimal electrostatic interactions between M ^+^ and monoanionic B~12~ fragments. The calculated spectra with different characteristic peaks can be used as fingerprints to distinguish and identify the doped MB~12~^0/--^ clusters. Our research provides a detailed description of the alkali metal atom doped-B~12~ clusters, which provides valuable information to assist future experimental studies.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02693](https://pubs.acs.org/doi/10.1021/acsomega.0c02693?goto=supporting-info).Low-lying isomers of doped boron clusters MB~12~^0/--^ (M = Li, Na, K); structures of boron clusters B~12~^0/--^; and frontline molecular orbital diagrams and energy levels of MB~12~^--^ (M = Li, Na, K) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02693/suppl_file/ao0c02693_si_001.pdf))
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